Abstract. Obtaining ceramic bodies with enhanced mechanical properties via colloidal processing requires efficient dispersion of the ceramic powders. In this work, the dispersive effect of three low molecular weight quaternary ammonium hydroxides with different alkyl groups upon stabilisation of CuO aqueous suspensions is studied and compared with that of Tiron  , a compound based on the benzene molecule. The purpose is to illustrate the effect of molecular structure, size and charge location upon dispersing effectiveness. To access these parameters, rheological and electrophoretic measurements using both bare and surface charge modified CuO were made. Tiron ® revealed to be the most efficient dispersant for CuO in water, rendering viscosity values below 1 Pa⋅s and the highest variation in zeta potential amplitude.
Introduction
Obtaining ceramic bodies with enhanced strength and reliability via colloidal processing requires efficient dispersion of the starting ceramic powders: as thoroughly known, particles arrangement and packing in the green body determines the sintering behaviour and final properties of the component [1] [2] [3] . Hence, a uniform dense body can only be attained if the starting suspension has high homogeneity and stability [4] . The stability of a suspension depends on the sign and magnitude of the forces acting between the particles suspended in the medium [5] . In aqueous medium, the attractive forces hindering dispersion are van der Waals forces (strong at the atomic scale), attraction between hydrophobic surfaces (strong), and attraction due to electrostatic connection effects between different sign charged particles (strong). Full dispersion can be attained by adding an appropriate type and amount of dispersant to the system, so that repulsive interactions are developed to oppose those attractive forces. Repulsive interactions may outcome from two major mechanisms acting individually or in combination: electrostatic repulsion [2, 6] and polymeric stabilisation [2, 6] . In this work, surfactants were added to achieve electrostatic stabilisation of cupric oxide particles in water. Adsorption of surfactants onto the powder surface enables the establishment of an electrical double layer around each particle, keeping them apart. The resultant effects on zeta potential and stability of the suspension depend on the size and structure of the dispersing additives [4, 7] . In as much, the effects of molecular characteristics of three quaternary ammonium hydroxides -C 4 H 13 NO (tetramethylammonium hydroxide, TMAH), C 8 H 21 NO (tetraethylammonium hydroxide, TEAH) and C 16 H 37 NO (tetrabutylammonium hydroxide, TBAH) -upon the stability of aqueous CuO suspensions is studied and compared with the effect of Tiron ® . Tiron  is the commercial name for 4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt, an anionic compound based on the benzene molecule with two ionisable OH groups.
The use of quaternary ammonium hydroxides as dispersing agents has been reported in aqueous colloidal processing of alumina [7] and silicon nitride [8] . Their main feature is the very strong alkalinity, completely dissociating into quaternary ammonium ion (C n H 2n+1 ) 4 N + , the surface active portion of the molecule [7, 9] , and hydroxyl ion OH -, when in aqueous media. Quaternary ammonium hydroxides are monovalent cationic surfactants [4, 6] , thus expected to act as Lewis acids, strongly adsorbing at the negative surface sites of the ceramic powder, which behave as Lewis base. Cupric oxide has extensive industrial importance in applications such as gas sensors, magnetic storage media, solar energy transformation, semiconductors and catalysis [10, 11] . Nevertheless, little work has been developed regarding its dispersion properties in solvents [11] . This work corresponds to a preliminary study in the processing of fully dense ceramic preforms of alumina+CuO through slip casting. Preliminary studies showed that Tiron  , known as a very effective dispersant for alumina [12, 13] , is quite inefficient concerning suspensions of this mixture. The studied TAAHs, on their turn, granted very encouraging results, thus justifying a deeper research on their dispersion mechanism upon the unmixed components before proceeding with the colloidal processing of oxide mixtures. Work concerning dispersion of alumina with TAAHs was published elsewhere [14] .
Experimental
Materials. Cupric oxide (CuO) from MERCK (Germany) was used. The as-received powder had maximum 0.357% impurities (mainly Cl, S, N, C, Fe and Pb, according to the manufacturer), with measured BET specific surface area of 2. Preparation and Characterisation of Suspensions. Maximum attained solid loading for bare CuO in aqueous suspensions was approximately 73-wt%. All further suspensions were prepared with 73.2±0.1-wt% (29.7±0.2-vol%). Dispersant concentrations tested were 0.1-wt%, 0.3-wt%, 0.5-wt% and 0.7-wt%, based on dry CuO. Suspensions were prepared by first mixing the dispersant with distilled water. After powder addition, mechanical stirring continued for 10 minutes.
Rheological Measurements. Steady shear rheological measurements were carried out with a stress controlled rotational rheometer (CSL 500, Carrimed) with cone-and-plate configuration. All measurements took place between 0.1 and 1000s -1 , at 20ºC. To convey the same rheological history to all the samples, pre-shear was applied for 1min. at the highest shear rate before each measurement, followed by 1 min. equilibrium time. The optimal amount of each dispersant was determined through deflocculation curves. M. The dispersant's concentration in each test corresponded to its related viscosity minimum in the deflocculation curve, in the tested concentration range.
Results and Discussion
Deflocculation Behaviour. Both bare and surface modified CuO suspensions presented shearthinning rheological behaviour. Shear-thinning corresponds to a gradual rupture of the flocks' network formed by the particles in suspension. With increasing shear stress the liquid entrapped inside the flocks is released and a more ordered structure forms in the flow direction, resulting in a decrease of viscosity [15] . Removing the shear stress resulted in thixotropic response for all systems, i.e., in gradual increase of viscosity, as a result of structures recovery [4] . The flow curves for each suspension (not shown) were adjusted with the Sisko rheological model for determination of viscosity and thixotropy values. The viscosity values corresponding to each dispersion concentration were determined and plotted as deflocculation curves (Fig. 2) . Minimum viscosity values are summarised in Table 2 . All dispersants promote viscosity decrease from about 29 Pa⋅s, the viscosity value in the absence of dispersant. The most pronounced effect is observed for Tiron ® , which promotes viscosity values lower than 1 Pa⋅s to be obtained (for the lowest concentration in study, 0.1-wt% Tiron ® ) therefore ensuring good pourability for slip casting processing [16] . As for the TAAHs, it would seem that longer alkyl chains should correspond to larger hydrophobicity of the quaternary hydroxide, and to smaller accessibility of the positive charge. Nevertheless, there is no apparent connection between the size of the alkyl groups of the quaternary ammonium hydroxides and their deflocculation effect. TEAH renders the higher viscosity values through the all curve, with a minimum value at 0.5-wt% (9.2 Pa⋅s). TMAH (with the shortest alkyl chain) renders the lower viscosity values through the all curve, with a minimum value at 0.7-wt% (4.6 Pa⋅s). TBAH also shows minimum viscosity (in the tested concentration range) at 0.7-wt% (5.7 Pa⋅s). In aqueous media tetralkylammonium hydroxides dissociate into large ball-like (C n H 2n+1 ) 4 Materials Science Forum Vols. 514-516 1371 cations, with delocalised charge, and the small OH -anion. Tomasik et al. [7] refer that because TAAH are very strong bases, the hydroxyl groups on cupric oxide surface are deprotonated and a strong (Cu-O -)-cation interaction takes place. In as much, no substantial effect of cation size upon adsorption efficiency is expected. These results are confirmed in the present study. It is suggested that TMAH's higher proficiency is related with its smaller molecular size, thus delivering more OH -groups per unit weight than TEAH and TBAH. Hence, at 0.7-wt% the surface coverage of CuO by the adsorbing cations will be more extended for TMAH than for TEAH and TBAH, enhancing the surface charge development. On the other hand, being a less bulky molecule it has higher charge polarity, inducing higher repulsive potential.
Electrophoretic Characterisation. Fig. 3 renders zeta potential curves for bare and surface treated cupric oxide. Corresponding isoelectric point values are shown in Table 3 . A value of ~7.9 was found for the IEP of bare CuO in this study, whereas other authors refers values of 9 [9] and 9.9 [11] . The addition of Tiron  displaces this value by almost four pH units in the acidic direction. Further, it decreases the amplitude of the positive zeta potentials in the acid pH range (maximum of approximately 70 mV), although almost does not affect the curve on the basic region. Tiron  acts by pure electrostatic interactions in a large range of pH values [13] and is a well known dispersant for alumina [12] . In the case of CuO, the pH (6.9) of the most stable suspension (0.1-wt% Tiron  ) is lower (more acidic) than the IEP for bare particles: CuO surface charge in the most stable suspension is positive. It is then suggested that Tiron's adsorption onto CuO's surface takes place through the OH groups. The sulfonate groups arranged in meta-positions relatively to the hydroxyl groups, adding their negative charge to the surface of the particles, significantly increasing their apparent volume and the extent of electrostatic interactions between them [12] . Therefore, particles keep way from each other due to the stronger electrostatic repulsive forces in comparison to bare particles, and the flow of Tirons' dispersed cupric oxide suspensions is quite straightforward.
TEAH displaces the zeta potential curves towards the acidic region what is quite unexpected considering its cationic nature. The same trend, but in a much lower degree, is apparent in the case of TMAH. These results suggest that deprotonation of hydroxyl groups on CuO surface has occurred, likewise alumina [7] . The lowest IEP is observed in the presence of the longest alkyl chain (TBAH), suggesting that the OH -anions are held by electrostatic attraction in the outer coordination sphere and are relatively mobile as proposed elsewhere [7] . In the presence of cationic species, an enhancement of zeta potential values in the acid pH region and a concomitant decrease in the basic pH region would be expected. However, this trend is only observed for the less bulky molecules, TMHA and TEAH. This can be understood considering that the deprotonation of hydroxyl groups on cupric oxide surface and the attachment of the large TBA + ions results in a significant size increase of the moving species (particle + attached TBA + ions) and therefore, in higher hydrodynamic hindrance. 
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Summary
The anionic dispersant Tiron  is more effective in dispersing aqueous cupric oxide suspensions in comparison with the cationic quaternary ammonium hydroxides. The effectiveness of the dispersants apparently results from several factors: the slightly basic IEP of bare CuO particles, the nature of the dispersants used, as well as the size of the molecules and their specific interactions with the particles' surface. Adsorption studies to access the specificity of the interactions between adsorbing species and the particles' surface are under way, in an attempt to better understand and quantify the type of interactions involved. Table 3 . pH value at the isoelectric point (IEP) for each dispersant (σ max : maximum standard deviation value for the zeta potential measures on each curve).
